Paper reviews briefly some of the experimental techniques for measuring the stress, strain and strain-rate relationship, and points out some of the difficulties and shortcomings. Also, experimental techniques used by author are explained and typical results presented by Frank E. Hauser ABSTRACT---The qualitative dependence of the mechanical behavior of some materials on strain rate is now well known. But the quantitative relation between stress, strain and strain rate has been established for only a few materials and for only a limited range. This relation, the so-called constitutive equation, must be known before plasticity or plastic-wave-propagation theory can be used to predict the stress or strain distribution in parts subjected to impact stresses above the yield strength.
Introduction
The mechanical behavior of most materials is known to be influenced greatly by the testing temperature and, to a somewhat lesser degree, by the rate of deformation. The many studies of the temperature effect have helped not only the engineer in designing structures at temperature extremes, but also the scientist in the understanding of the basic plasticdeformation mechanisms. Only more recently have accurate studies of the rate effect over wide ranges of strain rate become possible, and these re- California, Berkeley, Calif. Paper was presented at 1965 SESA Spring Meeting held in Denver, Colo., on May 5-7. suits have been valuable to check proposed ratedetermining plastic-deformation mechanisms. The necessity of knowing the effect of rate on the behavior of materials is not only necessary to scientific endeavors, but also to practical engineering considerations when designing members which are subjected to impacts. Thus, under the combined pressure of scientific as well as practical investigations of the rate effect, many schemes have been devised to measure the stress, strain and strain rate over wide ranges of strain rate.
Frank E. Hauser is Associate Pzwfessor of Mechanical Engineering and Research Engineer for the Inorganic Materials Research Division of the Lawrence Radiation Laboratory, University of
J. NI. Krafft I and H. Kolsky ~ have given excellent reviews of some of the earlier schemes of measuring high strain rates. In prior publications on strainrate effects by the author, 3-5 the emphasis has been on the material properties, and the experimental techniques for measuring these properties were not included. In this paper, after a brief section on the derivation of pertinent equations, the experimental techniques used by the author will be explained and typical results presented.
In a simple tension test, such as Fig. l(a) , the load and the initial specimen area are known and, thus, the engineering stress readily defined. Also, the initial gage length and change in length as a function of time can be measured, and the engineering strain and strain rate calculated. Then, if one assumes uniform strain distribution throughout the gage section, the true stress and strain can be calculated. But if localized deformation such as a Lfiders' band or necking occurs, the local stress and strain can only be obtained by measuring the elongation in the small region where these strains can again be assumed to be uniform. Similarly, if the rate of loading is increased greatly, at any instant of time the load reading at the load cell may be different from the load carried by the specimen. The strain distribution within the gage length may also vary considerably due to the finite rate of stress and strain propagation. To obtain useful data at high strain rates, the load cell must be small Experimental Mechanics I 395 and be in intimate contact with the specimen, and the specimen itself must be very small in order to approach uniform strain distribution in a short time. This is the quasi-static testing approach shown in Fig. l(b) . It assumes that the upper and lower loading members approach each other at a known velocity and are essentially infinite in size. If these loading members have changes in cross section, elastic stress waves within the members will be reflected from these discontinuities and cause a peculiar stepwise loading rate. To avoid this difficulty, one can use long slender elastic input and output bars, such as in Fig. l(c) , in which the theoretical solutions to wave-propagation equations are relatively simple and, so, the stress variation can be predicted and controlled. In Fig. 1(c) , on impact of the ram with the input bar, a stress wave propagates down the bar, past strain gage A, where the magnitude can be measured. On reaching the specimen, part of the wave is transmitted through the specimen and part is reflected back toward the ram. The magnitude of the reflected wave can be measured again at gage A, and the stress transmitted through the specimen can be measured in the output bar with gage B. Eventually, the compressive stress wave is reflected from the free end as a tension wave and arrives back at the specimen. This unloading wave terminates the test. If properly analyzed, enough data are available from the strain gages to determine the stress, strain and strain rate of the material in the specimen. The analysis of the data and the optimization of the experiment require some background in simple wave-propagation theory. A review of the pertinent part of the theory follows. Figure 2 derives the pertinent equations describing the reflected stress zr and the transmitted stress at in terms of the incoming stress wave ~ and the areas A1, As and mass densities pl, p2. This derivation assumes uniaxial stress and, thus, holds only for slender bars. Figure 3 shows the repeated applications of eqs (4) and (5) to an example where a l-in.-long reduced section of one-half the area of the input and output rod is inserted. The incoming stress wave z~ has a rise time of 2 #sec. Note that the stress in Bar 1 first rises to zt, then drops due to the reflection from the discontinuity, and then rises again stepwise at 10-#sec intervals asymptotically toward z~. In the center of the reduced section, the stress rises at 5-#sec intervals to the equilibrium value of 2 ~, and, in Section 3, the stress rises at 10-#sec intervals toward the equilibrium value of r
Elastic-wave Propagation at Discontinuities
The duration of each step is governed by the transit time of the wave through the reduced section, and the sloping part of each step is of the same duration, namely that of the rise time. While the example in Fig. 3 pertained to an area discontinuity, a change in material in Section 2 would produce similar results because of the change in modulus E and density p. Chiddister and Malvern 6 have shown that the effect of a temperature gradient in a uniform bar causes similar stress transients. In all cases, the total time required to reach the equilibrium value of stress depends on both the impedance (pcA) mismatch and on the length of the discontinuity. In a complex structure subjected to impact, the transient-stress condition persists for a long time in the long elements; while in the short elements, the stress reaches
